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1. INTRODUCTION 

Induction heating is the most clean, efficient, cost-effective, precise, and repeatable method of 
material heating available to the industry, today. It works on the principle of Faraday’s law of 
electromagnetic induction. The purpose of induction heating maybe to harden a part to prevent wear; make 
the metal plastic for forging; braze or solder two parts together; or for any number of other applications [1]. 

Resonant power converters are widely used for induction heating and they usually operate at several 
tens of KHz to the MHz range. The selection of ideal frequency for induction heating of a particular 
application is discussed in [2]. The power range varies from kilowatts in domestic and medical applications 
to several megawatts in industrial applications.These designs imply challenges pertaining to blocking 
voltages, switching losses, and operation in harsh environments that perfectly match the features of SiC 
devices, opening the design window to high performance converters and innovative industrial heating 
applications. Silicon carbide (SiC) power devices have been investigated extensively in the past two decades. 
A review of the various technological progress of SiC power devices and their emerging applications is 
presented in [3].SiC Mosfet devices also have the capability to significantly expand the voltage range over 
what is already available with Si power devices.SiC switches would operate over higher voltage and 
temperature ranges, and yet have sizes nearly 20 times smaller than that of Si-based devices.They are also 
considered to be superior in terms of high temperature stability, low loss in operation and fast switching time 
over the conventional Si switches [4, 5]. 
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The coil used for induction heating has apart from reactance, a small resistance also. A change in 
coil resistance and reactance results in a change in power factor (Cos®) and quality factor, Q. When we 
analyse the output power characteristic versus the circuit operating frequency for a given load circuit, it is 
seen that the output power varies widely with the operating frequency. The goal is to deliver the required 
power to heat the workpiece without exceeding any of the power source parameters. The various advantages 
and disadvantages of using an LLC resonant converter is discussed in [6] and an equivalent model is 
presented in [7]. The LLC configuration offers a better performance than the conventional series resonant 
inverter (SRI), due to it’s short-circuit immunity and low transformer secondary current. An optimized design 
for a LLC resonant converter for the required output power capacity is presented in [8]. When compared to 
the SRI, the LLC configuration involves the inclusion of a new reactive element Ls and the over- 
dimensioning of the capacitance. But these drawbacks are overcome at high frequencies as Ls could be a 
parasitic inductance and the current gain value minimizes the capacitance increment. 

The optimum selection of resonant tank circuit and a modified LLC load resonant circuit 
configuration of a full bridge inverter for induction heating applications are discussed in [9]. The three tank 
circuits - series, parallel and LLC tank circuits are compared based on their performance and characteristics. 
The series tank circuit requires a matching transformer when used for induction heating. In the case of a 
parallel resonant circuit, efficiency is reduced at light loads. LLC resonant circuit results in increased system 
efficiency with less weight and size of the power supply and is generally preferred over a series or parallel 
resonant converter. 

When LLC resonant circuit is used with a transformer, the magnetizing inductance of the 
transformer is also considered as one of the inductances. This needs to be small, requiring larger current 
through the switches and consequent losses. In [10] is suggested an alternative configuration suitable for 
wide input voltage and load ranges but this requires two resonant tanks and auxiliary switches. An 
asymmetrical voltage cancellation technique with an LLC resonant converter for induction heating is 
suggested in [11] where the duty cycle is varied with PLL control tracking the resonant frequency. A 
complete procedure for simulation, analysis and design criteria for a LLC resonant converter is discussed in 
[12] and [13]. 

The load matching technique which has to be done for high frequency induction heating can be done 
by various methods as discussed in [14-16]. The conventional method of using a transformer for load 
matching can be replaced by an LLC circuit. The usage of transformer for load matching has its advantages 
and disadvantages. A resonant converter using SiC Mosfets in a half-bridge configuration but at a lower 
power level of 650W is discussed in [17]. A SiC based converter with soft switching and using an interleaved 
boost converter is proposed in [18]. An approach to identify the resonant tank elements is suggested in [19]. 

This paper studies a configuration which is a combination of an LLC circuit in addition to a 
transformer. In an industrial environment, apart from the converter and the matching transformer, the design 
of the induction coil and its profile itself is critical to obtain the best performance. A systematic design 
procedure for the coil is essential for proper matching of the converter with the coil. Induction coil design 
using ELTA and 2DELTA software is illustrated in [20-23] with and without converters. 

The main objective of this paper is to perform surface hardening on the given work-piece with a 
SKW resonant inverter which uses SiC switches in a combination of LLC resonant circuit with a transformer 
and using ELTA software for coil design. 


2. COIL DESIGN USING ELTA 

ELTA (Electro Thermal Analysis) software is used to simulate the induction heating system [24]. 
The electrical parameters of the converter are selected using this software. The type of material used for the 
workpiece, the geometry of the coil and the geometry of the workpiece are specified in the software. The 
characteristics of the load on the inverter is evaluated using ELTA software and the waveforms are obtained 
for power, voltage, impedance, inductance, temperature and power factor with respect to time. The 
equivalent inductance and equivalent resistance values are found out from this software and are used for 
further calculations in designing the circuits. 

The workpiece parameters such as size of the work piece, material used and the processing 
parameters like temperature, length of the system, etc are entered in the dialog box shown in Figure 1 and 
Figure 2 respectively. ELTA does the simulation and gives the graphical and numerical outputs of the load 
and coil parameters. 
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Figure 1.Workpiece dialog box Figure 2. Material parameters dialog box 








2.1 Coil parameters 

Figure 3 shows the inductor dialog box and using this, the coil specification such as the radius, 
number of turns, resistivity and length of the coil are specified. The thermal insulation on the coil if needed 
can also be mentioned. The tube profile dialog box can be used to specify the shape and size of the coil. 
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Figure 3. Inductor dialog box 


Circuit dialog box shown in Figure 4 can be used to choose the circuit type i.e. series or parallel, 
number of leads and geometry of the lead. Also the processing dialog box shown in Figure 5 is used to 
specify the type of processing such as heating or cooling and whether the supply constitutes current, voltage 
or power, the working frequency, current, duration of the process, type of cooling, etc. 
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Figure 4. Circuit dialog box Figure 5. Process dialog box 
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2.2 Results obtained from ELTA 

Hardware design is based on results obtained from ELTA. In this software, the total heating time is 
divided into a large number of small increments in time. After each step, the material characteristics, which 
depend upon the temperature achieved, are evaluated. The calculation is extended till the end of the target 
time. The software provides us with waveforms of different parameters. 

Figure 6 below shows the graph of the impedance vs time characteristics. The impedance peaks 
when the material is magnetic and when the resistivity is high. As the material becomes non-magnetic, the 
impedance drops. Inductance vs time waveform is shown in Figure 7. The inductance peaks when the 
material is magnetic and when the resistivity is high. Also, the material becomes non-magnetic when the 
inductance drops. Thus, from the results obtained, the coil inductance is taken to be 1801H. 

Figure 8 represents the graph of voltage vs time. The voltage also peaks when the material is 
magnetic and when the resistivity is high. As the material becomes non-magnetic the voltage drops. Figure 9 
represents the curve between power and time. Like the impedance, inductance and voltage, power also peaks 
when the material is magnetic, and resistivity is high. When the material becomes non-magnetic, the power 
drops. All these projections are based on the assumption that the current through the coil is constant. It is also 
possible to evaluate the load with constant applied voltage to the coil or constant power. 





Figure 6. Impedance waveform Figure 7. Inductance waveform 
Figure 8. Voltage waveform Figure 9. Power waveform 


3. DESIGN OF POWER CIRCUIT 

The topology shown in Figure 10 is that of an LLC circuit with transformer. A transformer is 
connected between the series inductor and capacitor. A DC blocking capacitor is used to filter high frequency 
components passing through the transformer. From the ELTA software, the value of load inductance is found 
to be 180nH. The quality factor according to the industry standards is in the range of 3 to 10 and is assumed 
to be 5.4. 
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Figure 10. LLC circuit with transformer 


The design calculations are as follows: P=SKW, Q=5.4, L, = 180nH, f=150 kHz, ọ =35, 
V=400 V 


Value of the first harmonic, Uge = 1.3 * 400 = 520V (1) 
Ve = me = — = 662.085 V (2) 


The ratio of the load inductance to the series inductance in a LLC circuit is defined as B and is 
given by 
p =Q *tan(g) —1=5.4 * tan (35) — 1 = 2.781 (3) 


«1079 
Load Resistance, R, = anf == 2m * 150000 = —— = 0.031416 = 31.416 ma (4) 


LLC circuit parameters are calculated using the equivalent series resonant circuit procedure 
discussed in [6]. 


The calculations from SRI circuit to LLC resonant circuit (Figure 11) are carried out as follows: 


l 1 1 
capacitance of the series oscillator, C,,; = Toro = a eieaoooisoio=s 6.254 uF (5) 
r * * * 


(B+1)Csri _ (2.781+1)(6.25*107-%) _ 














capacitance of LLC oscillator, C = TF = 8.497 uF (6) 
. i A 662.085 E 
transformation ratio of SRI, N, = T  J2s5000s003 1416 37.354 (7) 
transformation ratio of LLC, N, = Mi _ 37897 = 13.431 (8) 
B 2.781 
series inductance in primary, L, = N,” * Loy = 90.376 uH (9) 
1 
resonant frequency, fg = — m= 149.727 Hz = 150 kHz (10) 
er flere) 
maximum voltage across the capacitor, V-max = ~ =95.719 V (11) 
peak current in the inverter, Ip = =k A (12) 


Vin*Cos(@) 
Figure 12 shows the MATLAB simulation and Figures 13 and 14 show the simulation results of of 


LLC with transformer inverter output voltage and load current waveforms respectively. Design and 
simulation is also carried out without a transformer with only an LLC circuit. While using a transformer, the 
B value is 2.781 and the power factor wa 0.81 whereas the power factor of LLC circuit without the 
transformer is 0.1 with the B value of 22.47. By using transformer, the value of B decreases and the power 
factor increases which in turn increases the efficiency. 
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Figure 12.Simulation of LLC circuit with transformer using MATLAB 





Figure 13. Inverter output voltage Figure 14. Load output current waveform 


4. HARDWARE IMPLEMENTATION 
Table 1 shows the specifications used for the required load. 


Table 1. Hardware specifications 


S.No. Description Value 
1. Line Voltage 415 V 
2. Supply Frequency 50 Hz 
3. Operating Frequency 150 Hz 
4. Coil current (assumed) 240 A 
5. Quality Factor 5.4 
6. Phase Angle 35 
7. Output power required 5 kW 
8. Load inductance 180 nH 
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— Inverter power = SKW 
— Typical inverter efficiency (n) = 0.9 
— Typical power factor at input = 0.93 





KVA demand at input = Inverter power/ (n*power factor) = ——— = 5973.7 VA (13) 
— Line voltage = 415V, 3-phase 

l 5973.7 
Line current = F 8.3 1A (14) 


4.1 Hardware components 

Figure 15 shows the induction heating of load using hardware setup. It may be noted that for the 
experimental setup, various hardware items were provided by M/s GH Induction India Private Limited [25] 
from their general stocks and these items may have no relation to the actual working conditions.Line choke 
with the inductance value of 3.2mH, 10A was used. A rectifier module SKKD 101/16 rated for 1600V, 100A 
was used. DC link capacitors of film and foil construction was used so that the equivalent series resistance 
(ESR) will be low. Four numbers of 3uF capacitors were used. Resistors encapsulated in aluminium heat 
sinks were used for initial charging of the DC link capacitors and discharging the capacitors when the unit 
was switched off. Four resistors with rating 330 Q, 25W and SiC Mosfets CAS300M12BM2 were used. Air 
cooling was used in the design to avoid water cooling. Extruded aluminium heat sink with two small fans 
mounted at one end was used for cooling the MOSFETs. 

The DC blocking capacitors at the output of the inverter are supposed to have a low reactance at the 
operating frequency and at the same time, prevent the short circuit of the inverter voltage by the load. The 
DC blocking capacitor is also expected to carry the inverter current at high frequency. A DC blocking 
capacitor of 60uF was used. 

From the calculations, a ferrite core matching transformer with a turns ratio of 15:1 was used for 
operating at a frequency of 150 kHz, the primary voltage and current rating being 560 V and 11A 
respectively. The inductance of the load coil which was estimated as 180 nH in the simulation software, 
turned out tobe 260nH in the practical realization. The capacitor required for resonance was 8.5uF. The 
capacitor was selected based on current carrying capacity at the operating frequency. From the SRI to LLC 
design calculation, the value of the series inductor selected was 90uH. To make the unit compact, it was 
decided to employ ferrite cores to assemble the inductor. Standard available cores were used thus leading to a 
disproportionately large looking series reactor. An image of the work piece getting induction heated is shown 
in Figure 15. 

The impedance curve of the LLC inverter has two resonant frequencies. One higher frequency 
where the series resonance takes place, and another lower frequency where parallel resonance takes place. 
The LLC inverter generally operates at a frequency above the series resonant frequency, in the “inductive” 
mode. At the series resonant frequency, the impedance is the lowest and the power is the highest. 
The power is controlled by sweeping the frequency from a high value to a low value approaching the 
resonant frequency. 

The control card implements the following loops: (1) To sweep the switching frequency towards the 
resonant frequency as required to meet the target power. A PLL and a VCO are used for frequency 
correction. (i1) To ensure that the switching of the MOSFETs would be done only at the zero crossing of the 
inverter current or close to the zero crossing, (111) To maintain a dead time between the driving pulses for the 
two channels providing safety against short circuit. 

The control block diagram is shown in Figures 16, Figure 17 and Figure 18. For the control of a 
SRI, the phase angle between the inverter voltage and the inverter current is employed. However, for the 
LLC inverter the angle between the inverter voltage and the capacitor voltage is also measured for applying a 
limit. This angle is defined as a. In our project the standard control card of a SRI was employed, 
supplemented by another card to measure the angle alpha. 

The power control of both the SRI and the LLC inverter are implemented by frequency modulation. 
The pulses representing the inverter voltage are taken from the driver section of the main control card. The 
pulses representing the capacitor voltage are received through a fibre optic link from the card one mounted 
close to the capacitor. 
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Figure 15. Induction heating of load using hardware 


4.2 Hardware results 

Figures 19 and 20 show the 415V, 50 Hz AC supply voltage waveform and 600V inverter input DC 
voltage respectively. Figure 21 shows that the inverter output voltage which is obtained as 560V.The inverter 
current waveform obtained in Figure 22 is taken at higher load condition.In Figure 23, the two arms of the 
bridge are not “ON” simultaneously. The dead time when both the MOSFETs are off is measured to be 240 ns 
as in Figure 24. The tank voltage waveform across the capacitor showing both the frequency and amplitude is 
shown in Figure 25 (a) and (b) respectively. 
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Figure 18. Block diagram of frequency control 
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Figure 22. Inverter current waveform 
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Figure 25. Tank voltage waveform displaying the (a) frequency (b) amplitude 
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Measurement of phase angle is shown in Figure 26a and b.The current waveform looks triangular as 
the load is small. 
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Figure 26. Phase angle measurement with (a) t, (b) tz 
t1 1.6 
tl= 1.6 us , t2= 6.4 us; b = =x 360 = — x 360 = 90° (15) 


5. COMPARISION OF THEORETICAL, SIMULATION AND EXPERIMENTAL VALUE 
A comparison of theoretical, simulated and hardware results in Table 2 shows broad agreement. 


Table 2. Comparision of theoretical, simulation and experimental values 


Parameter Theoretical value Simulation value Hardware value 
Inverter output current 18.44A 13A 14.8A 
Inverter output voltage 520V 580V 560V 

Inverter output power 5kW 4.32kW 4.75kW 
Load output voltage 95.719V 92V 91.2V 


6. CONCLUSION 

The proposed method of load matching using a combination of an LLC resonant circuit and a 
transformer meets the high frequency induction heat treatment requirements. The load parameters are 
evaluated using ELTA software. The power factor of LLC circuit without a transformer is found to be 0.1 
whereas that with a transformer is 0.81. Thus, this method improves the power factor and in turn, the 
efficiency. Also, the use of SiC switches in place of conventional Si switches enables to carry out induction 
heating at higher frequencies and in circuits with higher operating voltages. 
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